BACKGROUND
Oak Ridge National Laboratory (ORNL) has worked with NRC and EPRI to apply neutron and X-ray diffraction methods to characterize the residual stresses in a number of dissimilar metal weld mockups and samples. The design of the Phase IA specimens aimed to enable stress measurements by several methods and computational modeling of the weld residual stresses. The partial groove in the 304L stainless steel plate was filled with weld beads of Alloy 82. A summary of the weld conditions for each plate is provided in Table 1 . The plates were constrained along the long edges during and after welding by bolts with spring-loaded washers attached to the 1" thick Al backing plate. The purpose was to avoid stress relief due to bending of the welded stainless steel plate. The neutron diffraction method was one of the methods selected by EPRI for non-destructive through thickness strain and stress measurement. Four different plates (P-3 to P-6) were studied by neutron diffraction strain mapping, representing four different welding conditions. Through thickness neutron diffraction strain mappings at NRSF2 for the four plates and associated strain-free d-zero specimens involved measurement along seven lines across the weld and at six to seven depths. 1, 2 The mountings of each plate for neutron diffraction measurements were such that the diffraction vector was parallel to each of the three primary orthogonal directions of the plate: two in-plane directions, longitudinal and transverse, and the direction normal to the plate (shown in left figure within Table 1 ). From the three orthogonal strains for each location, the residual stresses along the three plate directions were calculated. 2 The principal axes of the strain and stress tensors, however, need not necessarily align with the plate coordinate system. To explore this, plate P-5 was selected for examination of the possibility that the principal axes of strain are not along the sample coordinate system axes. If adequate data could be collected the goal would be to determine the strain tensor's orientation and magnitude of strain along each principle axis direction.
EXPERIMENTAL DETAILS
Stress measurement by neutron diffraction is often used because it is generally non-destructive, and penetrating such that it is possible to measure the through thickness stresses without cutting or sectioning. This enabled the same locations to subsequently be measured by other stress measurement techniques such as deep hole drilling (DHD) and the contour method. Neutron scattering experiments were carried out on the second generation Neutron Residual Stress Facility (NRSF2) at the HB-2B beam line of the High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory (ORNL). 3, 4 Calibration of the diffractometer and the position-sensitive detectors was accomplished using a series of powder standards. 5, 6 The NRSF2 data collection system and sample positioner is controlled by LabView-based software NRSF2-MAP. 7 The NRSF2 instrument is realigned and calibrated using a set of reference powders at the beginning of each HFIR beam cycle. 5 From the calibration measurements the neutron wavelength for each monochromator setting is determined.
A frame made of 80/20 * high strength extruded rectangular aluminum rods was attached to the four sides of the constrained plate making a rigid frame to hold the plate and to attach it to the NRSF2 sample positioner's Z-stage of NRSF2. A laser based metrology and alignment system was used to reproducibly bring the measurement locations within the plate (four depths at mid weld location near mid length of the weld) to the intersection of the incident and diffracted beams as defined by slits defining the gauge volume of measurement. Spherical measurement reflector (SMR) nests were attached to the plate and its mounting frame. The Faro ScanArm with laser head was used to define a sample coordinate system, the location of the SMR in each nest (fiducial points), and to obtain a 3-D surface model of the sample. The surface model was derived from data collected using the laser ScanArm and Faro plug-in within GeoMagic Studio. 8 The surface model derived using GeoMagic Studio from the hundreds of thousands of XYZ surface points was imported to an instrument simulation software package SScanSS.
9,10
After mounting the sample on NRSF2 and measuring the locations of the fiducial SMR points in the NRSF2 sample positioner coordinate system, SScanSS then generated the sample positioner settings to precisely bring each of the defined measurement locations (Table 2 ) to the center of the intersection of the incident and diffracted beam slit systems (the gauge volume) which lies on the sample positioner omega axis. A few locations on the external surface of the sample were verified by neutron scanning from outside to within the sample. This method is often referred to as edge scanning.
11,12
Use of SScanSS ensured that the measurements at the same locations within the sample when the sample was mounted on the NRSF2 for each of the various orientations.
For neutron measurements at NRSF2 the 80/20 frame was attached to the NRSF2 sample positioner Z-stage ( Figure 1 ). A few of the black SMR nests can be seen in these figures attached to the plate or frame. For strain mapping for the transverse (T) strains, the weld line was vertical and the in-plane direction perpendicular to the weld was parallel to the diffraction vector. For the normal (N) strains the weld line was vertical and the plate normal was parallel to the diffraction vector. For the longitudinal (L) strain measurements the weld line was horizontal, the transverse direction was vertical, and diffraction vector parallel to the weld line. For the measurement of strains at angles in between the three plate axis directions the plate was remounted to achieve a tilt in a given plane. Figure 1a shows a typical mounting for measurements of strains in the L-T plane. Figure 1b shows a mounting for measurements of strains in the N-T plane, and Figure 1c shows a mounting for the N-L plane. Note that the range of tilt was limited in order to avoid collision of the plate with the incident or diffracted beam slit holders.
The neutron beam dimensions were determined by height and width defining slits on the incident beam side and a width defining slit on the diffracted beam side. These slits are placed in the slit holder, and the offset of the slits from the gauge volume is set by radially positioning the slit holder. Table 3 lists the particular slit sizes and slit offsets from the center of the gauge volume, the monochromator selection and its neutron wavelength.
For the transverse and normal strain measurements the slits defined a gauge volume of 2x20x2 mm 3 , taking advantage that the strains are approximately equal for any location along the weld line for these two components. For the longitudinal strain measurements the gauge volume was 2x2x2 mm 3 . For all tilts between 0° and +/-90° the near cubic gauge volume of 2x2x2 mm 3 was also used. Due to the size of the gauge volume, depths of penetration and corresponding count times, the measurements were restricted to four depths through the plate at the mid weld line (line 4 in the full stress mapping of plate P-5). Measurements along the center of the weld line avoided the zones near the stainless steel-A82 weld metal interfaces of the weld. However, these mid weld locations are still subject to both chemical mixing of the Alloy 82 and 304L SS austenitic alloys during welding (affecting d-zero) and grain growth during cooling.
Measurements to obtain the P-5 strain orientation dependent data were performed in two beam cycles at the NRSF2. A stainless steel portion of a rod cut from a similar welded plate (P-2) was measured before and after the four depth measurements for every data set and then checked for consistency of d-spacing. Typically the two measurements agreed within the measurement uncertainty. In one case this d-spacing changed significantly indicating a collision of the plate with the slit systems occurred during measurements. The data points after the collision were omitted from the analysis. The average of the repeat measurements was used to scale all the data to a common d-spacing scale. Following all the strain measurements at NRSF2 for Plate P-5 a 5 mm thick slab was water jet cut from across the weld region about 3" from mid weld toward one end of the plate. The slab was then electron discharge machine (EDM) cut to make a comb with teeth located at eleven locations across the weld. The d-spacings from all the teeth at each depth of measurement were recorded. The same P-2 reference bar was also measured with the d-zero comb for Plate P-5 so that the stress-free d-spacings for the comb could also be brought to the same scale. The scaled d-zero values are reported in reference 2. The d-zero values exhibit some dependence on orientation and thus, to derive a d-zero for the tilted mountings for each depth we used a weighted average of the d-zero for that tilt. The count times for measurement with the 8 mm Diffraction peak profiles were fit with a pseudo Voigt profile model plus a linear background to determine the peak position (2θ) as well as peak intensity, profile breadth, and the associated estimated standard deviations (e.s.d.'s) using the LabView-based software NRSF2-VIEW. 6 With Bragg's Law and wavelength, the d-spacing (Eq. 1) and its measurement e.s.d. were calculated
where λ is the wavelength of the neutrons and θ hkl is half the scattering angle for a diffraction peak corresponding to the crystallographic Miller indices h,k,l. The ferritic carbon steel (211) peak and the austenitic A182 weld metal and stainless steel (311) were used in this study. The diffraction peaks for the Si331 monochromator, λ ~ 1.729Å, are located around 95.0° and 106.25° 2θ, respectively. For the Si511 monochromator, λ ~1.449Å, they are located around 76.6° and 85.5°, respectively.
The stainless steel reference bar was measured in every experimental run at the beginning and end of the depth measurements for each tilt. The d-spacings for the replicate measurements were averaged and results checked to confirm that all were consistent (i.e., within the e.s.d.'s of the measurement). Using the average d-spacing of the stainless steel reference bar for each run, the d-spacings for the plate were then brought to a common scale. The same stainless steel reference bar was also measured along with the stress free comb and similarly used to adjust them to the same common scale. From the sets of scaled d-spacings for the plate P-5 in various tilts and the comb, the strains were then determined (Eq. 2) from the change in interplanar spacing for each location
where ε hkl is the elastic residual strain, is the interplanar spacing of the stress-free reference.
A propagation of errors approach was used to calculate an estimated standard deviation of the strains using the estimated standard deviations for the d-spacings and the scale factors. Table 4 lists the measurement planes, tilt angles within the plane and depth from the top of the plate along with the scaled d-spacings, scaled d-zero, and calculated strains with their e.s.d.'s. Uncertainty estimates only represent the uncertainty arrived from profile fitting (counting statistics based). Taking into account the larger uncertainty due to position would likely increase these several fold due to the known large changes in d-zero with chemistry due to mixing of the two austenitic phases.
SUMMARY
Measurements to test if the L, T & N plate coordinates are the principle axes for the residual strains were collected at four depths down the centerline of the dissimilar metal weld in EPRI mock-up plate P-5. Strains were obtained for four orientations in the Normal-Transverse plane, four orientations in the Normal-Longitudinal plane, and five orientations in the LongitudinalTransverse plane. For one of the tilts in the N-L plane there was a collision of the sample with the slit system and only the first depth (2.0 mm) had reliable data. Time limitations prevented collecting data at negative tilts in the T-L plane that would be valuable to the interpretation of strain tensor orientation and magnitude. In the N-L and N-T cases, the potential of collisions prevented measurements with larger tilts.
In the Normal-Transverse plane (N-T, Figure 2c ) the largest magnitude strains are parallel to the transverse direction. The strains values for the -24° and +28° tilts from the plate normal are nearly equal for each depth, that is symmetric about the strain at 0° tilt (Normal direction). These two results suggest that within the N-T plane the principal axes of strain are parallel to the transverse and the normal directions of the plate.
In the Normal-Longitudinal plane (N-L, Figure 2b ) the loss of data at -32° tilt for most depths limits the interpretation. However, the strain data for 2.01 mm depth at for four tilts (-32°, 0°, +30° and 90°) lie close to a line symmetric about 0° . For depths 4.4, 6.8 and 9.2 mm the N-L strains all have positive slopes from 0° to 90° the data suggests that, in the N-L plane, the principal axes of strain lie close to the Normal and Longitudinal directions. For depth 11.6 mm in the N-L plane the minimum value is at +30° tilt suggesting that within the 304L land the principle axis of residual strain may be tilted away from the N and L directions.
In the Transverse-Longitudinal plane (T-L, Figure 2a ) the lack of data at negative tilts limits full interpretation. However, it is clear that for the depth 11.6 mm (within the 304L SS land below the weld metal) that the strains are compressive in the transverse direction and trend to slightly tensile in the longitudinal direction. Within the weld metal (depths 4.4, 6.2 and 9.2 mm) the strain values are generally tensile, but vary from a smooth line quite significantly at tilts of 45° and 58°. The smooth trends for the N-L and N-T planes and for the 11.6 mm depth in the T-L plane suggest these large swings in strain for 45° and 58° are related to weld bead localized residual strains and that the principal axes are rotated significantly from the primary axes of the plate.
Because of an insufficient number of tilts and particularly few data points for negative tilts the interpretation of the data for principal axes orientation and direction has been restricted to a the qualitative analysis above. Further, the indication of weld bead to weld bead localized residual strains in the T-L plane indicate that the data do not fit to a standard strain tensor model. Numerical analyses could be tried but trials indicated it will be of limited accuracy and thus are not reported.
DISCUSSION OF LIMITATIONS
The measurement of strains in ten or more different directions relative to the sample coordinate system for the large, constrained mock-up EPRI Phase IA plate P-5 was shown to be feasible. The use of the laser tracker along with SScanSS software substantially minimized time of alignment for the ten mountings and helped keep the time for the total experiment reasonable.
Strain data obtain in the stainless steel plate under the weld (depth 11.6 mm) varied smoothly for all three planes of measurement. The strains for depths 4.4, 6.8 and 9.2 mm were all within the Alloy 82 weld metal and varied smoothly with tilt angle in the N-L and N-T planes. However, the measurements in the weld metal for the L-T plane show substantial variation as a function of tilt angle that we believe are indicative of a possible rotation of the principal axes of strain in that plane due to weld bead to weld bead interactions. Further measurements would be needed to confirm this possible explanation.
Measurements of the strain tensor at locations in the plane of the plate perpendicular to the weld center line nearer the stainless steel to weld metal interface were not made. These locations have a greater probability of rotation of the strain tensor but are also very sensitive to the changes in dzero with location and in some cases have been shown to involve a "buried interface" as would be shown by diffraction peaks from both the 304L SS and the Alloy 82 weld metal instead of a homogeneous, single-phase diffraction pattern. Thus the sample phases and microstructure for these mock-up specimens make the study of tensor orientation near the weld edges problematic and present additional challenges.
During the course of the study the following limitations to using neutron diffraction strain mapping for determination of the strain tensor across the 304L SS -Alloy 82 welds were recognized. First, the gauge volume should be cubic and small enough not to average over large changes in the d-zero values or strain gradients in the specimen. However, for accurate measurement of the diffraction peak position there needs to be sufficient grains contributing to the diffraction profile while the count time needs to be kept within reason. The 2x2x2 mm 13
